A strain-balanced, AlInAs/InGaAs/InP quantum cascade laser structure, designed for light emission at 4.0 μm using nonresonant extraction design approach, was grown by molecular beam epitaxy. Laser devices were processed in buried heterostructure geometry. An air-cooled laser system incorporating a 10-mm × 11.5-μm laser with antireflection-coated front facet and high-reflection-coated back facet delivered over 2 W of single-ended optical power in a collimated beam. Maximum continuous-wave room temperature wall plug efficiency of 5.0% was demonstrated for a high-reflection-coated 3.65-mm × 8.7-μm laser mounted on an aluminum nitride submount.
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high power | midinfrared Q uantum cascade lasers (QCLs) are important infrared light sources with various applications in defense and civilian fields. Low atmospheric absorption in the first atmospheric window spanning from 3.5 to 4.8 μm gives rise to a number of applications based on free light propagation, such as light detection and ranging sensors and beacons. Strong carbon dioxide absorption for wavelengths from 4.2 to 4.4 μm splits the window into two subbands: 3.5-4.2 and 4.4-4.8 μm. Light propagation at wavelengths in either of the two subbands does not experience any significant atmospheric losses. Currently, most of the systems for commercial and defense applications in the wavelength regions rely on expensive and often unreliable optical parametric oscillators (OPOs) or flash lamps as the optical radiation sources. Recent breakthrough developments in continuous-wave (CW) QCL performance at 4.6 μm (1, 2) make them ideal for applications in these systems as light sources in the longer wavelength region of the first atmospheric window. Availability of highperformance QCLs emitting in the shorter wavelength region covering 3.5-4.2 μm, in addition to the high-performance 4.6-μm QCLs, would allow replacing OPOs and flash lamps with compact, reliable, more energy-efficient, and less-expensive QCL systems. However, QCL performance in the shorter wavelength region has lagged significantly behind that of their longer wavelength counterparts. The highest CW room-temperature wall plug efficiency (WPE) and optical power reported, until now, are ∼3% and 500 mW, respectively, for lasers mounted on diamond submounts (3) . In the present work, we report significant improvement in 4.0-μm QCL performance and realization of reliable and compact air-cooled 4.0-μm QCL systems capable of delivering over 2 W of optical power in a collimated beam.
One of the reasons for the poorer performance of QCLs at wavelengths shorter than 4.5 μm is carrier leakage from the upper laser level through closely located indirect states. As laser transition energy increases, the upper laser level moves up, approaching the bottom of the indirect band profile corresponding to indirect X or L valleys. Reduced energy spacing between the upper laser level and bottom of indirect valleys increases carrier scattering from the upper laser level to indirect states leading to a reduction in population inversion. Another reason for relatively low, shorter-wavelength QCL performance is thermionic carrier leakage from the upper laser level to continuum states located above barriers due to insufficient bandgap offset of the AlInAs/InGaAs composition (4). Relatively low bandgap offset for AlInAs/InGaAs composition is the reason why QCLs based on AlAsSb/InGaAs composition with significantly higher band offset have received much attention lately, and have shown to provide ∼10% pulsed WPE at room temperature emitting at 3.7 μm (5). Employing the ultimate InAs/AlSb composition, emission wavelengths down to 2.6 μm from QCLs have also been reported (6) . However, at wavelengths ∼4.0 μm, AlInAs/InGaAs composition with ∼1.5% strain in AlInAs barriers should provide energy separation between the upper laser level and continuum states equal to or larger than that for the high-performance 4.6-μm QCLs, i.e., ∼250 meV (millielectron volt). In addition, as discussed in ref. 7 , it is the indium percentage in InGaAs quantum wells, approximately the same for AlInAs/InGaAs and AlAsSb/InGaAs-based QCL structures at ∼4.0 μm that defines bottom of the indirect band profile and therefore carrier leakage through indirect states. Thus, for wavelengths close to 4.0 μm, no significant advantage is expected in using less mature AlAsSb/ InGaAs active regions. In the present work, we used the traditional AlInAs/InGaAs composition for 4.0-μm QCL active region.
Results
In the 4.0-μm active region design, our goal was to reproduce, as closely as possible, design parameters of the high-performance nonresonant extraction 4.6-μm structure reported in ref. 1 . A conduction band diagram of two gain stages based on highly strained In 0.73 Ga 0.27 As∕Al 0.71 In 0.29 As composition, very similar to the composition of the 4.0-μm structure reported in ref. 8 , is shown in Fig. 1 . As with the 4.6-μm structure, energy spacings between levels 5 and 4 (E 54 ), 3 and 1 (E 31 ), and voltage defect, defined as energy spacing between levels 3 and inj (E 3-inj ) were designed to be approximately 60, 100, and 135 meV, respectively. Energy levels 5, 4, 3, 1, and inj are shown in Fig. 1 . Also, doping level in the injector was empirically adjusted so that roll-over current density of the optical power vs. current characteristic was equal to approximately 3 kA∕cm 2 . This relatively low maximum current density was chosen to reduce active region temperature rise in CW mode operation that is detrimental to CW laser performance. Larger transition energy for the 4.0-μm structure resulted in slightly lower laser transition matrix element (1.37 nm) and larger upper laser lifetime (2.2 ps) compared to the corresponding values for the 4.6-μm structure (1.48 nm and 1.8 ps, respectively). However, the product of matrix element squared and upper laser lifetime, z 2 τ 4 , the parameter defining differential
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The authors declare no conflict of interest. The only difference in positions of indirect valleys between the two structures is that, in the case of the 4.0-μm structure, the bottom of X and L band profiles coincide, whereas for the 4.6-μm structure, the bottom of the L-valley profile is located approximately 30 meV above the bottom of the X-valley profile. The 40-stage QCL active region, along with the waveguide and contact layer sequence discussed in ref. 9 , was grown by molecular beam epitaxy. The wafer was then processed into a buried heterostructure geometry as described in ref. 1 and cleaved into 3.65, 5, and 7 mm long devices. Finally, the laser chips were mounted episide down on aluminum nitride submounts for pulsed and CW characterization. Pulsed testing was performed with 500-ns pulses and 0.5% duty cycle. Fig. 2 , Inset, shows the emission spectrum for the lasers at maximum current density in pulsed mode centered at 4.0 μm. Fig. 2 demonstrates that pulsed WPE does not change significantly when laser mirror losses vary between 2.6 and 1.8 cm −1 (these losses correspond to losses for 5-and 7-mm-long uncoated lasers, respectively). For CW operation, it is desirable to use devices with lower mirror losses from the optimal 2.6-1.8 cm −1 range because they have lower threshold current density in pulsed mode and, as a consequence, lower active region heating close to the laser threshold in CW mode. Fig. 3A shows a comparison between pulsed and CW characteristics at 293 K of a 3.65-mm × 8.7-μm high-reflection (HR) coated laser with 1.74 cm −1 mirror losses. Threshold current density, slope efficiency, maximum WPE, and maximum optical power in pulsed/CW modes were measured to be 1.207∕1.343 kA∕cm 2 , 3.6∕2.1 W∕A, 10.5∕5.0%, and 2.18∕0.75 W, respectively. Five percent is the highest CW WPE from QCLs reported so far at this wavelength at 293 K. Ratio of peak power in pulsed mode to CW maximum power was found to be 2.9, significantly higher than the ratio of 1.6 reported for the 3-mm × 9.5-μm λ ¼ 4.6-μm laser on aluminum nitride in ref. 1 . Fig. 4 A and B shows that the lower ratio for the 4.0-μm laser can be explained by the lower characteristic temperatures T 0 and T 1 measured for the 4.0-μm laser compared to a 3-mm × 9.5-μm HR-coated 4.6-μm laser processed from the wafer reported in ref. 1 . Characteristic temperatures T 0 and T 1 for the 4.0-μm laser were measured to be 135 and 170 K, respectively, vs. 168 and 295 K for the 4.6-μm QCLs. Because E 54 , E 31 , E 3-inj , and energy spacing between the upper laser level and bottom of indirect states are almost the same for both structures, and E C4 is actually larger for the 4.0-μm structure, the 4.6-and 4.0-μm structures are expected to have similar temperature behavior. Parameters defining position of energy levels in Γ-space are well studied and usually provide simulation results consistent with experimental findings. The position of the indirect valleys for strained layers, on the other hand, is much more difficult to predict and not as well studied experimentally. Therefore, a possible explanation for the faster 4.0-μm laser performance degradation with temperature rise is that the actual energy spacing between the upper laser level and bottom of indirect states is lower for the 4.0-μm structure and therefore carrier leakage through indirect states is higher. Another possible explanation is that, because, as described above, the calculated position of the bottom of L-valley profile for the 4.6-μm structure is approximately 30 meV above that for the X valley, carrier scattering to the L valley is suppressed. Higher position of the L valley can lead to lower overall carrier leakage through indirect states for the 4.6-μm design. Employment of even larger strain compositions, with higher position of indirect valleys, should improve 4.0-μm laser thermal characteristic. Suppression of carrier leakage through indirect valleys may help to increase CW wall plug efficiency of these lasers above 10%, similar to performance of the best 4.6-μm structures (1, 2). QCL optical power can be scaled with cavity length employing controlled reflectivity antireflection (AR) coatings, as described in ref. 10 . To achieve a multiwatt operation at 4.0 μm, we fabricated an HR-coated 10-mm × 11.5-μm QCL with controlled AR coating adjusted so that the laser had close to optimal mirror losses. This laser was then hermetically packaged and tested on an air-cooled heat sink. The package incorporated a thermoelectric cooler and a collimating lens. Fig. 5A shows its CW power vs. current and voltage vs. current characteristics at laser temperature of 281 K and package at room temperature. WPE of 5.5% and optical power of 2.3 W were measured for the laser after correction for the measured 90% collection efficiency of the collimating lens. Fig. 5B shows initial reliability testing with periodic hourly laser shut downs to subject the QCL to a large thermal stress (57 min on and 3 min off). Each vertical line in the figure corresponds to laser turn on/off. In several cases, the system had to be shut down before the end of a cycle and then restarted, which is reflected in the reliability data by somewhat heavier lines, when more than one electrical power recycling was done in 1 h. No signs of laser performance degradation were observed after over 150 h of operation. We expect that the longterm reliability of the high-power 4.0-μm QCLs should be similar to what we have already demonstrated for the 4.6-μm high-power QCLs (>3;500 h of performance degradation free operation at CW, room temperature power >2.0 W).
Discussion
In conclusion, we presented experimental data on 4.0-μm QCLs based on the nonresonant extraction approach. WPE of 5.0% was demonstrated at 293 K for an HR-coated 3.65-mm × 8.7-μm laser. Hermetically packaged 10-mm × 11.5-μm HR-coated laser, with the package mounted on an air-cooled heat sink, delivered over 2 W of optical power in a collimated beam. Reliable CW operation was demonstrated for the laser system over 150 h. The 4.0-μm laser systems, owing to their compact size, high WPE, and excellent reliability should be ideal sources in commercial and defense applications requiring ∼4.0-μm laser sources. 
